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LEAOINSH | V ^ ABSTRACT 

The recent introduction of high current-capacity thyristors has 
advanced the status of solid-state power supplies.  ON-OFF switching of 
an entire rectifier bridge, rather than individual thyristors, provides 
a simple and economical method of control and regulation. This control 
philosophy causes the system to limit cycle. 

A describing function ís developed to model the power-supply input 
transformer and rectifier bridge. The describing function is then used 
to predict the frequency and amplitude of the limit cycle. 

A digital computer тов ЕЗИ to construct the describing 
function curves, and to simulate the dynamic response of the system. 
Limit cycle predictions are compared with the simulated response to 


verify the describing function validity. 
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1. Introduction 

The recent advent of large current-capacity, solid-state, control- 
led rectifiers promises to revolutionize the field of power conversion. 
It is forseeable that in the 1970's the major portion of power conversion 
will be accomplished by static rather than rotating devices. However, to 
tip the balance in favor of the static conversion systems, they must prove 
to be economically competetive and be as good as or superior in perform- 
ance to rotating machinery. 

In this study a system that has promise in each of the areas men- 
tioned above will be examined. The specific system to be examined is a 
polyphase, thyristor, AC to DC rectifier, operating under forced limit- 
cycling conditions. A mathematical model is proposed and then analyzed, 
using frequency response techniques, 

The thyristor is a three-terminal, four-layer, bi-stable solid-state 
device [4]. Functionally it is equivalent to its gas tube counterpart, 
the thyratron,. The circuit symbol for the thyristor, along with typical 
transfer characteristics, are illustrated in figure l-l. 

As shown by the transfer characteristics and symbolically indicated, 
the device is basically a diode. However, the forward resistance is bi- 
stable and controllable. In general the forward breakover voltage is in- 
versely proportional to the gate current, This would seem to indicate 
that the device could be controlled by controlling the level of gate cur- 
rent. However, due to wide variation in characteristics from one device 
to another and temperature dependence, control of the gate current level 
is not satisfactory. In conventional applications, the gate current is 
held low or made negative when blocking is desired, and then switched to 


a level high enough to insure that the device is placed in a conducting 


Та, 
Holding current 


Reverse Forward 
breakover ргеакотег 
voltage voltage 
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а. Transfer characteristic 
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Figure 1-1 


Thyristor Transfer Characteristics 


state at the desired time, In this mode of operation the thyristor acts 
as a latching relay. As indicated on the transfer characteristics, two 
conditions must be met to place the thyristor in an off* state once it has 
been turned on. First, the anode-cathode voltage must be below a certain 
minimum level, and secondly, the forward current must be less than the 
holding current. The thyristor finds its most logical application in the 
field of alternating-current rectification where these two shut-off condi- 
tions naturally occur. The advantage the thyristor enjoys over the common 
diode is that the control of the forward break-over voltage provides a 
means by which the interval of forward conduction, and thus the amount 

of power per cycle, may be regulated. In theory, conduction can be 
obtained from zero to one hundred eighty degrees for half-wave rectifica- 
tion. 

In general, the development of firing circuits to regulate the conduc- 
tion angle has relied heavily on past experience with gas-tube circuits. 
The most straight forward circuits use a phase-shifted wave derived from 
the source being rectified. This may prove satisfactory for the majority 
of applications, due to its simplicity and the fact that it carries an in- 
herent timing that is locked to the source wave, 

However as more stringent requirements are placed on the performance 
of the overall rectification system in terms of response, regulation, and 
frequency content of the output voltage, it is found that more precise 
timing is required of the firing circuit. 


In polyphase rectification, separate firing circuits for each phase 


* 
For convenience of notation "ON" will denote the condition when 


the thyristor conducts forward current with low voltage drop (low forward 
resistance), and "OFF" will denote blocking in either direction (high 
resistance). 


AC SOURCE THYRISTOR FILTER DC VOLTAGE 
VOLTAGE BRIDGE OUTPUT 
FIRING CIRCUIT 


REFERENCE 


v 
© 


VOLTAGE 


Figure 1-2 
Block Diagram for Regulated Thyristor Power Supply. 





Flgure 1-5 


Simplified Block Diagram. 
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along with phasing and timing circuits to insure proper sequencing of 
the firing, must be provided. А three-phase, full-wave rectifier would 
thus require six separate firing circuits. 

The method considered here simplifies the control philosophy and 
circuitry so that the entire bridge for a polyphase system is controlled 
as a unit, rather than by individual devices. The gates of all the thy- 
ristors in the polyphase bridge are connected in parallel and a single 
firing signal is provided to all devices, The firing signal is further 
simplified in that no attempt is made to phase it with the source volt- 
age. Thus the entire bridge is either ON, and acts as a conventional 
diode bridge, or it is OFF and has effectively zero power output. A 
simplified circuit diagram is contained in appendix III. 

.The system in its simplest block-diagram form is illustrated in 
figure 1-2. 

Conceptually the system operates as follows. Assume that the out- 
put voltage is below the reference voltage. The rectifier bridge is then 
supplied with an ON signal, and the bridge output to the filter is a 
three-phase, full-wave, rectified voltage. The filter attenuates the 
harmonics of this voltage and provides a relatively smooth DC voltage at 
the output. When the DC voltage rises above the reference level the 
bridge is supplied with an OFF signal. There is a time delay before the 
bridge turns off, in that the shut-off conditions for each thyristor must 
be met. The time delay is of the order of X cycle of the supply frequency. 
In the OFF state the input voltage to the filter is zero, with reverse 
current essentially blocked. The bridge will remain in the OFF state 
until the output voltage falls below the reference, whereupon the cycle 
will repeat itself. This limit-cycling of the system is the particular 


area of interest to be considered here. 
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In order to facilitate analysis, the system components are lumped 
and partitioned as illustrated in figure 1-3. 

To justify this partioning the following argument is offered. 
First, it is assumed that the switching of the rectifier bridge is 
periodic, hence its output will be periodic and can be represented by a 
Fouier series, Thus the source and rectifier bridge are represented as 
block "N" which is assumed to have a periodic input and output. The gen- 
eral nature of this block is nonlinear, and more will be said about this 
later. Secondly, it is assumed that the filter and load are entirely 
linear, and these are represented as block "G5". Block "Сү" is included 
to take into account any gain that may be associated with the comparitor, 
firing circuits and compensation that may be added to the system. Again 
this block is assumed to be entirely linear in nature. Thus in conven- 
tional transfer function notation: 

Vo — Сбам 
Vv | + GG:N 

Procedures for analysis of the linear portion of the system have 
been previously established and accepted. For the nonlinear portion 
there is generally no exact method for relating the output to the input, 
in closed form, that will cover the entire range of operation of the 
system. Most techniques of nonlinear analysis use some sort of approxi- 
mation that in a sense assumes linearity of the system over the desired 
range of operation to be considered. 

One method that has been found to give rather good results is that 
of the describing function, first introduced in this country by R. J. 
Kochenburger [2] in his description of relay servos in 1949. 

The basic philosophy of the describing function is to imagine that 


the open-loop control system is excited at its input by a minute, sinusoidal 


12 
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Figure 1-4 
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forcing function. The output of the non-linearity is then periodic and 
can be represented by a Fourier series. This is illustrated in figure 
1-4, 

It is then assumed (a necessary condition) that the linear portion 
of the system following the nonlinearity is a perfect low-pass filter. 
This is the case in most physical systems. Thus it is assumed that the 
only terms of the Fourier series that are passed to the output of the 
filter are the DC term and the first harmonic. When the loop is closed 
this first harmonic, being the same as the original excition frequency, 
will propogate itself around the loop and result in a continuous oscil- 
lation of the system, provided certain conditions exist. 

The describing function then represents a nonlinear block in much 
the same way a transfer function represents a linear block, That is, it 
operates on the input to the block with a gain and a phase shift. In 
general this operation is dependent upon both the frequency and magni- 
tude of the input. 

In order to arrive at the describing function for a nonlinearity, 
one must have some idea of what the periodic output is like, This wave 
form may be known from actual observation, or may be deduced from reason- 
ing of how the nonlinearity would respond to a sinusoidal excitation. 


If this output is represented as a Fourier series we have: 


РИ = £ А, созоћ га В, MT... +An Cos nwt 4 By sin nwt (1-1) 


£ 


The coefficients of the series are found by integrating the following 


4 
expressions: 


pii 
An „а | f(t) SIN nwt dut (1-2) 
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7 
a == = | 1% Cos = “мый (1-3) 


As mentioned previously, one of the basic premises of describing 
function philosophy is that only the first harmonic properties around the 
control loop. Thus the only coefficients of the above series that are of 
interest are the first and the integration of (1-2) and (1-3) is simpli- 
fied. 

The describing function is then defined as the ratio [3], [5] of 
the first harmonic output (in gain and phase) to the input. 

Thus for the system as illustrated in figure 1-4 the describing 


function is given as: 


ая 





The above criteria will now be applied to the system under considera- 


ton, 
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Flgure 2-1 
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2% Development of describing function 

Referring to figure 2-1, the following quantities are defined as 
follows. 

The output of the system has a certain DC voltage level. Super- 
imposed on this DC level is a ripple voltage, the first harmonic of which 
is defined as (B sin wt). A reference voltage greater than the DC level 


of the output is defined such that: 


ў. = - = alpha 
The system is presumed to operate as follows: 

a) When the DC voltage plus the ripple is less than the refer- 
ence level the rectifier bridge is ON and the output of the nonlinear 
portion of the system is a three-phase, full-wave, rectified voltage 
of mean value A (time a to b). 

b) When the DC voltage plus the ripple equals the reference 
voltage, the rectifier bridge receives an OFF signal (time b). 

c) The rectifier is turned off at time equal to c, a delay of 
1/240 second after time b. 

d) The rectifier remains off until the output voltage again falls 
below the reference (time c to t) 

NOTE Source voltage is considered to be 6-cycle, 3-phase, alternating 
current, If a supply of other frequency is considered a different time 
delay will be necessary in (c) above. 

The output of the nonlinear block of figure 1-4 may then be summarized 


as follows: 





f(t) = 0 о «іса 
= A a«t«b 
=a E b«t«c 
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The following times may be defined in terms of the first harmonic of 


the ripple: 


B snwb = = 
Е. 
Lo 
= 7 _ 
Ed a b 
с = "- 
e+ 240 


To find the Fourier coefficients, one proceeds as follows: 


I 
А = а | A cos any t dÉ 
Пік T 


Note that: 
e&t = bI Yw -i - 240b 4 l- 2401 
c-b Vado 
Thus: 
b c c 
А, = 2А Cos jd dt 4 240 b CoS S Ына JC- 240 (cos et Jt 
p | I I 
С С б „ 
= 2А CoS wt Jt 4 240b Cos ut dl. - 240 [ воз wl Ji 
T ⁄ 


о. b b 


Integrating and substituting the limits: 


д=2А SINWS _ SINWa 4 2406 sn we _ 240b sm wb 
1 бо (^2 02 бә 


—240 Сов сос „2406 54 ос ц аво Cos wh aaob Siw h 
А бә w+ | (АЈ 
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Cancelling terms, the above reduces to: 


Lm. |- SW wb + 240 / cos wb - cos voc 
T Co 


Some useful identities are: 


| 


SIN wc = tob + Фр SIN Wb Cos w 4 Coswh 64 ш 
240 240 240 


COS We = CoS Why о _ Соз соб соъ ш _ бмезђ а м 


дао 240 240 


Thus: A x 7 |: SN ob 3 ado ( cos wh- Cos w + ом SIN WW 
COS wo 490 240 


Substituting the following values, 


B 


the final form of the A, term is given as equation (2-1). ~ 


бо 7 = 217 á S^ tb = «x and Cos wh = VB*-a* 
B 


~ 


Ас Ак ер (1- cos чо) ) +5 SIA а 
За! «Зна з B 240 


` Z 
Д = овна (Vai (i= Cos toie Jrs е (2-1) 
7 8 LO 
Proceeding in like manner to find B 


n 


| с 
(y = 2A SIN К dia слом S/N cot Jt – 230 Ü s/^ wt dt 
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ib = 2A} CoS wa + 240 (чч wb ум we ) 
w T 


Соз ша ж (ое п-шб = -CoS wb 


B, = 


“Ж аф 


зь 


Е -X + BoA (1- 603 № )- IB:-<* a) 
B 


ums 240 (к (1- cos 22,)- VB'ex- S/^ А с x 
| 
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The describing function is then: 


N= VA; t Bi / Ф. 


(2-3) 


В» 

These equations, (2-1), (2-2), and (2-3) are now suitable for 
evaluating the numerical value of the describing function. However, due 
to their complex nature, the digital computer is necessary to overcome 
the labor required to calculate more than a limited number of points. 

Since the describing function is dependent upon the frequency, the 
magnitude of the input, and the difference between the DC level of the 
output and the reference voltage, separate sets of calculations are 
necessary for each choice of an independent variable. For convenience 
the maximum value of the input is chosen as the independent variable and 
families of curves are obtained for constant alpha and several values of 
frequency. The flow chart for a computer program to accomplish this is 
illustrated in figure 2-2. (see next page) 

The graphical display chosen for the describing function is a Nichols 
plot of -1/N. The utility of this choice will be shown later. 

Results of the computer evaluation of the describing function for 
various values of alpha and frequency are shown in figures 2-3 through 
2-8. 


The computer program with numerical data is contained in Appendix I. 
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Describing Function (-1/N) Alpha (1.5) 
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3: Linear portion of system 


The linear portion of the system may be block diagrammed as 


shown in figure 3-1. 


The transfer function for the filter and load illustrated in figure 


3-2 is developed as follows: 


= V. + Ve E бе. + 2. 
-Qd и 
== L di. g Ve d i т 
dt 
а ә Е? (Vini- Ve) d Ve 3 ad - Ve. 
d t L dé @ Ка 


Note: Ис= Vo 


Choosing state variables as: 


(Vin ~ X) 


>< 
w 
rit 


чиј Я 
К. 2 


A signal flow graph of the system, with 1/S indicating an integration 
and X,, and X,, as initial condition, is given in figure 3-3, 


10 20 
Using Mason's gain rule the transfer function in Laplace notation is: 


E 
Vo — ВЕ В 
Ин st+ Roa тє 
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Block Diagram for Linear Systen. 
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Figure 5-2 
Filter and Load. 
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Figure 35-5 


Signal Flow Graph for Linear System. 


90. 


Or in Bode form: 
М 0 d 
ViN m ks x 


Having derived the transfer function for the linear portion of the system 


there are now a number of ways to determine the conditions necessary for 
limit cycling. In general terms the loop transfer function from figure 


l-3 ig: 
Vo — NG: Ga 


The characteristic equation for the system is then: 
I+ NGG, =9 
This can be rearranged as: 
NT G = y 
Thus the intersection of a graphical representation of G with -1/N 
determines the critical point at which limit cycling will occur, if such 
an intersection exists. Either a Nyquist or a Nichols plot is conveni- 
ent for this. The choice of the Nichols plot for this analysis is arbi- 
trary; however it does have some merit in that it is closely related to 
the Bode plot on which the linear system can easily be drawn, and on 
which the effects of compensation nd probably more familiar. 
Numerical values for the circuit elements are: 
L * 0.002 henries 
C * 0.1 farads 
Е = 0,8, 1,6, and 3.2 ohms 
The values of L, C, and a load resistance of 1.6 ohms were chosen to co- 
incide with other investigations being made on the performance of this 
system. Frequency response curves plotted on a Nichols [3], [5], display 


are illustrated in figure 3-4, 


5: 








180 „175 „170 -165 -160 
Phase (Degrees) 


Figure 5-4 


Frequency Response Curves Linear System. 
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4, Simulation 
To determine the validity of the describing function, the system was 
simulated on the digital computer. The flow chart for the simulation is 
shown in figure 4-1. The complete program is contained in appendix II. 
Naval Postgraduate School computer library subroutine INTEG2 was used to 
solve the differential equations required in the simulation. 
The forcing voltage for the system is: 
a) Three-phase, full-wave, rectified voltage during time a to 
b of figure 2-1. 
b) A portion of a sine wave for the appropriate conducting 
phase during time b to c of figure 2-1. 
c) Zero voltage with no reverse current енибњии ЕМА inductance 
during time c to T of figure 2-1. 
Appropriate logic is included to compare the output voltage to the refer- 
ence and determine which of the above forcing voltages apply. Additional 
logic is also provided to prevent reverse current from flowing through 
the inductor, in agreement with the actual circuit. 
- Ovagiiea output from this program is shown in figure 4-2 illustrat- 
ing iie input voltage wave form, and figure 4-3 showing output voltage 


wave forms for various loads and reference voltage levels. 
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Simulation Results, Input Voltage. 
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D Analysis 

To illustrate the application of the describing function, curves 
for a frequency of 18 би with alpha of 2.5, and for a frequency 24 hz. 
with alpha of 1.0, are superimposed on the frequency response curve for 
the linear system with a load resistance of 1.6 ohms, as shown ín figure 
5-1. This predicts that the «sas cycle will have a frequency between 
18 and 24 hz. and an amplitude between 1.03 and 2.57 volts. 

The results of the símulation for a load resistance of 1.6 ohms are 


given below. The complete data is contained in appendix II. 


Source voltage maximum 65 volts (AC) 
Reference voltage 58 volts 
Maximum mean output 59.57 volts 
Minimum mean output 55.39 volts 
Mean output voltage 57.06 volts 
Indicated value of alpha „939 
Frequency of limit cycle | 22.6 hz. 


The value of alpha for the simulation is taken to be the difference 
between the mean level of the output and the reference voltage. 

To determine more exactly the location of the limit cycle as 
predicted by the describing function curves, additional curves were 
drawn at a frequency of 22.6 haz., as shown in figure 5-2. The -1/N 
curve that intersects the linear curve at 22.6 hz. corresponds to an 
alpha of 0.8 and indicates the amplitude of the limit cycle to be about 
0.82 volts. Thus there is good agreement with simulation results in 
both the frequency of the limit cycle and the value of alpha predicted 
by the describing function. This indicates the validity of the des- 
cribing function in predicting the response of the nonlinear portion of 


the system. 
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In order to make full use of the describing function one should be 
able to use the appropriate curves to pre-determine the response of the 
system. However, to obtain more than a general indication of the loca- 
tion of the limit cycle, as illustrated in figure 5-2, a precise value 
for alpha is necessary. Indications from simulations are that the value 
of alpha is related to the maximum input voltage, the level of the refer- 
ence voltage, and the value of the load resistance. However, no means | 
are apparent at this time by which a relationship can be obtained. This 
is a question that should be studied in future research on this system, 
so that full advantage may be obtained from the describing function. 

Presuming that the value of alpha can be predetermined, the response 
of the system can be predicted by drawing a family of curves using that 
value of alpha and various frequencies, similar to figure 2-3. 

The location of the limit cycle will then be where the frequency of 


the linear response curve corresponds to the frequency of one of the 


describing function curves. 
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6. Conclusions and recommendations for turther work. 

The describing function derived in Section 2 provides a means by 
which the nonlinear portion of this system can be represented and the 
overall performance of the system analyzed, It is possible to predict 
the approximate frequency and amplitude of the limit cycle as illustrated 
in Figure 5-1. However, as noted in Section 5, it is necessary to pre- 
determine the value of alpha in order to more precisely predict the 
response, How alpha is related to the controllable parameters of the 
system is one area for future research on this system. 

The describing function derived accounts only for the first harmonic 
of the output voltage from the nonlinear portion of the system and assumes 
that higher harmonics are negligible, However, as reported in Reference 
1, the output voltage from the thyristor bridge 18 such that sub-multiples 
of the first harmonic can be of sufficient magnitude to introduce an 
additional degree of instability. The nature and effects of these sub- 
harmonic oscillations on the performance of the system is another area 


for further research. 
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APPENDIX I 


Computer Program for computing value of describing function curves. 


Numerical data for -1/N curves plotted in Figures 2-3 through 2-8 
and for Figures 5-1 and 5-2, 
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DESCRIBING FUNCTICN DATA 
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DESCRIBING FUNCTICN DATA 


FREQUENCY 


15.0 


1.25 


ALPHA 


-1/N(DB) 


PHASE 
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DESCRIBING FUNCTION DATA 


FREQUENCY = 


18.0 


1.25 


ALPHA 


-1/N(DB) 


PHASE 
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DESCRIBING FUNCTICN DATA 


FREQUENCY 
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1.2* 


ALPHA 
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DESCRIBING FUNCTION DATA 
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FREQUENCY 
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DESCRIBING FUNCTICN DATA 


FREQUENCY 


30.0 


1.25 


ALPHA 


-1/N(ODB) 
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DESCRIBINC FUNCTION DATA 


FREQUENCY 


36.0 


1.25 


ALPHA 


-1/N(DB) 


PHASE 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


15.0 


1e5C 


ALPHA 


-1/N( 0B) 


PHASE 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


18.0 


1,5С 


ALPHA 
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| 


PHASE 
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DESCRIBING FUNCTICN OATA 


FREQUENCY 


20.0 


Lyc 


ALPHA 


-1/N(0B) 


PHASE 
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З СОСО ОЧОР ч ПО ЈА СО СЈО O X U^ CAP UOS X 0004009 AT ОСОМ ANAS ONVOL O mr uno «roo 
ООСС С) СЫ СТ СО СТ ГО ЦО ЦА ТО О М Мос лоо Оч ЧМ СЧС СО ў О О о ЉММ оос ССОО 
КО ЦП ЦП ЦП ЦП ЦП UAWAUAN ЈАША МАЈА UU UO UU UU UU UO SO О XO O O -O O .O O .Q .O XO о Ооо 0 0 6 0 0 0 0 ОК 
е е е е е е е е Фе е е е е Фе е е е е е е Фе е е Ф е Фе е Ф е е е е Фе Фе Ф Ф Фе Ф Ф Фе Фе ф е Ф Фе Ф Ф Ф Ф Ф 
e MÀ rH і е а с аі раі у с аі заў зеі раі с ц сні Я с зна ра o dd md md nd MÀ nd ed e mM св рај Ев РС рев е 4 4 rm m Od — — — 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


24.0 


= 
— 


1.5C 


ALPHA 





со 
о 
= 
= 
— 
| 


PHASE 


N 


NO UN 4 + O (N CN G O CO $ 04 0 CO О М + Q O CO ur rn CN OO «000 40 CO UN CN P М ОМ СО СЈ 4 (09 e Pm «СМ СС ЛА ОД 
Q uN O UN) un O° O O° O° rn O: O: O O —4un f = — cn @ O° O: O + (N ОО чс О СЧ че ОУ СО АЛ СО О ~ О“ О со Та ФО 
O^ «D u^ eo P $ O СМ =- G: -O СИР O Q un OCO ФР CO Pu CO S ОР 90 Ц СО FO СП О © СФ О Р-Р Г Р-Р Ол С 
eU OO + LN Q (n O O` ——@ cO + O LAO Ў ФМ O — фф М С Сг ШМ О СЈО с О СЈО М со О асо 
е е е е е е е е е е е е е е е е е е е е е е е е е е Фе е е е е е е е е е е Фе Ф е Фе е Фе е Ф Ф Ф Ф Ф Ф 
SO 04 x 0 UO CON ИУ C Q: r O СЧ СЧС СОАО Оооо ом ММ ММММ r= cO cO co 
б! = | Í Í Í j| E ч Ач чч mr m mA Án реј ув денов Ч 4 4 А 4 Ч 4 nd d md md зан рев ув рев аф 4 

Jl il Il l l l l lil l l l l Рот 


NODT T пао о сео O—r—.0g  rnOcoco о ціра (IP 00 OS Un 0 ў e 00000 C 000 таго С 
Осо чом чос „ЧО СЈО со ~ О «f 00 INI O 0 O00 OO f PO О OQ Uu to $ $$ Ў (асо асо сус Се 
е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е Фе Ф е Ф Ф Фе е Фе Фе Ф Ф Ф Ф Ф Фе Ф Ф Ф 
асо чума а Ф оі $ ФЗ са са со Со со со СО СЈ ЈОЈ СЈСЈССЈСЈСЈСЈСЈСЈСЈСЈСЈ СУСЈСЈСЈСЈСЈССЈ СЈСЈ 
e 00 «0 r- ММ М М ЬМ М М ММММ ММММ МММ ММ М М МММ ММ М ММ МММ МЫ М PPS NR 
—4 — —4 —4 — Ў еа геа n md nr med md em ad md rd nd rn d rd d ed al rd ned rd rd md end —4 —4 —4 —4 rm d d rd ed ed d d rd 
«пне пп нап кв на d d gg d 4 d de og d! d do o d gg dog dà rn b n nr gg gg 9 


UN US e Q^ СОО ГРУ 400 0 OU LU e 0 Q0 Q «0 P- UO eU Q 00 en М ТУШУУ ОО СЧ ОСЧ Оч О О чча С 
ОМ СЧС ОО О О M= AMNS AONT f 000 90 US СО МИМО Q^ «f uf US QICU minu m == С О ~ 
со Ол СЧ ОШ М СОР ТО МС ООО М ~ 00 СУМ а М СУ С ГУШ О М М со СО М-М а а у 
Q eU euo СОО С^ СМИ ОО СО ССРУ ОСУ АСУУ ОЗ СЧ UMSO Qe mI МО ОУ пао Зил ~ о 09 О m 
е е е е е е 0 е е е е е е е е е е е е е е е е е е е Фе е е ое е е е е е Ф е е е е Фе е Ф Ф Ф Фе Ф Ф Ф ө 
босс оч чес со оо тт тт КО КО ЧЈ КО 00 О) ~ ММ М М ММ со со 


r= T —4 CO UY (N Q. OMON T AVANT UMON TO= +'—CO LA CN C" © ОГ З очсо ЧАЧ СОС ОГ F HDAN 
NF O^ +T cO rn oO CP CP e 0 M UNOUUNOS X US Xr СО СО СО СИ CN AQ —4 Q O LA Q ЦА ОТ ТО СО СО СО Ге СЈАЕ СЈО чо ошо 
ООСС cN rn rn +f X USUS Or Г = CO CO G° G: GO O —=—4CN(N rn СО ИО О Р-Р ОО ОА OO HANNAN 
LA UN LID LAV UD LIN LAIN LIA UI LIA UN LS LV LV UY LO LAN UA LUN LINO NO + Оооо ох оо оО о о ог Р-Р Р-Р Г Г 
е е е е е е е е е е е е е Фе е е е е е е е Фе е е е е е Ф Ф Ф е е Фе е е е Ф е Фе е Ф е Ф е Ф Ф Фе Ф Ф Ф 
vo en me und m рані зыкі зэ ad nm od rd rd mH rd md m заа n rd end rd nd rm знаё дна зы зза 4 4 em rm Ч 4 4 4 ее rd od d rd HÀ d md rd rd 4 4 


60 


CESCRIBING FUNCTICN DATA 


FREQUENCY 


30.0 


ee SC 


ALPHA 


= 0950589 


PHASE 


Q^ КЕ ЦА ЦА СЈ ЕЕ е СЈО СО 4 0 СУ СО се Ол со Ол оо O O еесо O. O. O ++ uni> О O о о ок ое Ошо со cO 
rn «$00 00^ 4 00 F- — О ЧОО М О чч М ОСУ О ООП © С 50 (n «f uMO 00 64 Ў ООО СО -+ Ў О Јен О со 
O ЗАО О о СОО Осо О Мч ОО и о ЎО О со бо МИЛО ОСОМ ОСС ИО O O O Af (NO 
ОЮМ Мо РО О ДОО Оса СИМО $ СО МАС СО +} POS ecu ОУ СЈО М ОО е Ус ОХО ОС О m 
е е е е е е е е Фе е е е е е е е е е е е е е е е е е е е Фе Фе Фе е е Фе е е е Фе Фе Фе Ф Ф Фе Ф Ф Ф Ф Ф Ф Ф 
Q^ ue 00 O^ un ее АП ООО ОО са сас СО У «d SF M uuuYuwun«-QoO-O:O-O0-Oh-t-rm М М МГ М со со 
I lÍ ad I l j| l | | | =1—4 —4 —4 —4=—4 MÀ реј Рев реф уф ров Реф ув реф рен врв ув рен заа rM Mr mM mH md MÀ] 

тр уч ти аа и ив да и ич тина ци ечи аа! 


P 0000 40 а оо о у ООО ОГ ОИ О ДОО ДО сила „ча СО ТО ГОЛА ОГ ПОГ С 


О СЧС Љо ООС СОИ УО М Ў Со оГ оо ЗСО га сЈ СЈО OOO Q0 0 oo r-r- m- 0 0 0 


е е е е е е е е е е е е е е е е е е е е е е е е е е е е Фе Фе е 9 9 9 9 0o е е Фе Фе Фе Фе Ф Фе Ф Ф Ф Ф Ф Ф 
Мо О О ОРОМО ОУ ОО OU «fO mee OCNOee et em c0 0 Mm 45—44 m m--OOOOOOOOOOO 
PAINT OS SF OD LDV SO Pe Be Poe Pe Pe Boe = Pe Pee Pe pe Pe fom fm fe foe М ММ М Г М ММ М М М М М М ы ы К ММ М М М 
—4 — — — —4 —4 4 A AAA 0 уф рев ов сов дв реф et HA AA HH A A A et Ht AA ot уф уф 
ром ои ит 48 178 413.5 52 44419727 и 


NGO TOAT TOUNO T CQ (00 9A 00 A UNUM SO eU а СО СО Ол СО O СО ЗОО СИЛИ О ОЮ ОО ич T NOD ~N 
Q^ uYCJ OD SO C XO «Чо т са COD QO O^ 4D CY Oh DWNDAO TOMO TM WN DD MN AOL FD NF AMIN СМЧ ГР ООЛ ГУ СО 
СП N М СО 4 У У 00 e 0J 0 CO ULY O^ 00 OOO OPM OM AM OOM — T У О СУ ОУ О Р МММ Ош +T СЈ O O О З 
COD OI WO COUN OD ALUN ОД СЈЦА BR с) СЈЦА Ге СЛ е СО ЦА Ге ОУ АСЫ ШМ СО С часУ З ИОМ ОО Оччо О О М СО со СХ O 
е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е Фе е е е Фе о о о Ф Ф Ф Ф Ф Ф 
(АЈ е 0 UO COO QOO Q m 0 e СС С 00 СО СО бо У У У У МЫЦЦА ООО ООО М ОИ Г РМ МММ ММ М cO 


Ге СЈО ЧО СО Шо О О ГО 4 ОО АСУ СЫ О\ ЧО TF «ёі ОУ СО Г ЗУ «а СГА F ~ADO MONT NTO MODAN CU ON 
илј СЈ СО 9 Ои смер f Ou СО ФФ eIP- 0900 4$ O ue 0000 4 Ou ef т Оч чп ON 
Q e c у T uu SO ОР CO O C" QR O O =4 CN cN rn co ХА О ХО РУР» ООСО KOO AANNMS у ЧУО ОМ со со 
UU UO UD US UD VU LO UO UU UO UO unn uo О ЗОО ЗОО О Фоо о Ооо © 0 Of (о (~ [~ [~ 
е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е Фе Фе е е Фе Фе е Фе Фе Ф Ф Ф Ф Фе Ф Ф Ф Ф Ф 
o em mA rm з рэ — HÀ уч ди Со ро Рев ров ров реф ed е—4 ›=—4 ›—4,—{ учев ров реф реф реф ›==4 5—4 4 nd rH nM MÀ MÀ rM MÀ 4 зна реф Рев md nd 0 р 4 А еф 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


36.0 


1. 5C 


ALPHA 


со 
e 
= 
м 
= 
I 


PHASE 


NOON О c 00 0 СО dT cu Tr «Od Ohr ON $ 0 © а ас оп О ПО ОГ Чи С 
OLDE OANA et е СА Ге cn О CN CO O." О .Q (N O" СУ eO P O00 UN e. «о Сус со О Of Пл ПО Оч 
MAM OOM AMS СУ СЫР СМО МОС ЧОЧ GO ил + «ООО СО СО Oun O И (t O——— O о 0 3- 
СИЛОМ ОМ Ў HF СО Сен Оу СЈО О Ў ~ О со со СО СО МЕ О иОС Оче осо 
е е е е е е е е е е е е е е е е е Ф е Фе Фе е е е Ф Фе 0 Фе 0 е Фе Фе Ф Фе о Фе Ф Фе Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф 
ADNANO MON SOM OD POGAANNMM OS FETINMNNININ О о о 0 о Оке ~ (~ ~ ар 
| | |! расне ене еа е е I 
I llo ed l l bul j Ms tb Eb EC ESL пы В.В 


Q^ e 0000 00 00 e 00 40 O^ ЧО O^ (CY O^ o0 CN OD CN CY CO OO «fF пе СИМО Сч О С С ч ОЦА О ГБ чо ОШО О чм OO 
оно чао Ў Гос У ОО Ф ОЧСО СЗО МИС ч ОО ӯ ССО ССО М-М ОЦУ Sf Ў СО, СС Зе О 
е е е е е е е е е е е е е е е е е е е ф е е е е е е е е Ф е Фе е Фе Фе е Фе Ф Фе Ф Ф Фе Фе Фе Ф Ф Ф Ф Ф Ф Ф 
"4 $ OO O +O. O + OP O: r— OAF TA NNN N пече ООО Ооо О» О осо со сом сохсо сс 
CN CO C CY UY O З оГ Ко Ге Ке ММ ММК МКМ ММ М М М-М М МММ МОГО ЗОО 0 90 00 0 0 0 50 0 оо 
d ed a заў печ заў заў стаў r—4 r= реф HO —4 = —q4 =Q = —q =—d Ре АРА Го реге рам ==4 —4 —4 —4 —4 —4 —4 —4 —4 —4 —4 —4 —4 —4 —4 —4 

98528909 l l l jl jl l l l l jl l jl l jl l и 


Г СОО CNO CUIUYUYUYOS CN WV BAO OOP MH DINO A HE OM NT OOOSM OTN TOMOWMOT OOS O 
ND PR AD TO RMRIO WD Me OW W OOM OT NNO TOOT ON OAD PTA TART TOE PoOMon 
Q^ f- e Q^ e 40000 CN OO Q Q^ P- (600 CNU оосо 0 SF e 0-000 CO P9 e у о СО са ў T T СОЈ ОУ ИСО = СО 
UU DO eat О ССО о Счас чс О со ОСУУ МО СО О OY US О Се ЈСО О ~ со оре CN C ИЛА OM ONO 
е е ө е е е е е е е е е е е е е е е ө ө ө е е е э ө 6 о е е е е е е е е е е е 9 ө ө ө э ө э ө ө Ф Ф 
MN AAO OQ OMARAAIN NOON MO) TP PTT UII UN О О O O O O 0 ИО Re r= 


QD e c 04 C09 CN 000 T Y Ar uuu QO оГ Г Г оо а O^ O Q eme e 0 CO 08 00 00 p ИЛИ О © ОГ геге со со 
STADNNDOMOM TADNA OMOP THONNOM STADNANAOMOM ў чс О О СО ~ TA 
ОСУУЧУ ИО ММО С С Оч чече! у ўи ОСС О чс Сфи Осо сс СОО чече TW 
UNV UN UN UN UN UV LN UN UN UN UN UN wuwaosojO:3O:«0:0*0:O0:O0-O-O:Q0:O:Q lr P А Pw P r= r= r= r— r—r— = cO cO CO CO cO СО cO cO 
е е е е е е е е е е е е е е е е е е Фе е е е е е е е е е е е е е Фе Фе е Фе Фе е Фе е е Фе Фе Фе Ф Ф Ф Ф Ф Ф 
4406464 4 4 —4 —4—— —4 —4 —4—4 —4—q —4—4—4 —4 —4—4 —4 —4q —4 —4 —4 —4 —4 —4 —4 r—q —4 —4 —4 —4 —4 —4—  — — 4 А А е — 
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DESCRIBING FUNCTICN DATA 


FREQUENCY 


15.0 


1.75 


ALPHA 


-1/N(DB) 


PHASE 


MAO OP OKADA LN DAM SH OOP ODVONE MN ONE AOA OM ал ОА оо Цу С 
ЗО ОО М ОА СО М о, ОС СОСО ОсОО ОО чо ЧО чс чош «О FO TN NANN 
CN ce OO CN «Ff ОМС О Сч 0 ол 0 Ш ОГ ОР О чч ОС О ЧО гес чим Оче #-#-}-# СО Су ООО 
DDODOO TOWNS OF NE ANA NOK ASF OO сече 0 ФО Оче + ого чл ог оО чеч 
е е е е е е е е е е е е е е е е е Фе е Фе o 9 е е Фе е Фе е е е Фе е Ф е Фе 9 е е е е е Ф Фе Фе Ф Ф Фе Ф Ф Ф 
СО ОЗ ОО ОО нне СЧС Сосо СР тиим ооо оо оосо оон ~ (~ 
N J l | j| | j| | |l =—— =—4 — —4 —4 4 —4 —4 —4 —4 —4 4 —4 —4 —4 d r Cee eee нч 4 4 ee eee ee ee ee рэа 
ооо роторов 


OMAR AST +f OXD OCO O O CN 40 О ЧОСЧОМ ЧО соми СЧС сМ ОЧ СО ЈН О QOO ом мош 
СООМОСАСО О ДИО ОМ O try (r +f $ CG (G (N(N(N —2+———— OQ O O O O Q. O. O. Q. Q. O° об о а O. O. cQ cO cO cO СО cO cO 
е е е е е е е е е е е е е е е е е е е е е е е е е е е е о е е Фе Фе е Фе Фе Ф Ф е Фе Фе Ф Фе Фе Ф Ф Ф Ф Ф Ф 
CNO СОМ ОДО «0 «0 VUNUNU VV EVELYN UN LV ENN UN NN ИЛЛА Д4, rg rr jud АЛАТ -f -+ 
AOR EEE EEE EEE EE EEE EEE EERE EPR КЕ КК ММ К 
о од a HA HRA A MÀ rd MM eH nerd M MÀ rm e HÀ — — — — — —— —— 
оборот мор ООВ О ООВ 


P- 09 e OU СОСО О ОО г МОС о у ч О OUNOO Ce P CJ C^ Qh9 e ST 0000 СО QOO + Tr Or- T COIT 00 49 ООО СО 
MNA WVO UVOD TT VDO NDN TU~ TV WUNA W T ШЫЛ СМ WV O mN ич ОХ ЧАЛ c Се ол ЦА ОЈ 
p= O CO. TO O — T O CO UA uA UN T CN O Ог чи OR CN LJ FS ОХ чес +f T T rn (Y (NJ —- (JN CO.Q ++ — ON O T — CO + — CO 
XO QUO CNuYOO e00 9 00 Q (N + МГ Оу O O O O — rn +f МО (~ СО ДОО пе С СО СО fun QO I — O ОО Сс 
е е е е е е е е е е е е ө ө ө ө ө ө ө е е Фе ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө ө 
со оо чана 4 САСА СА САЈ СО СО СО cy oy en PPT SIT TOTAL LUI ELL OO OO .O 50 00 ~ ~ (~ (~г~ 


C100 CO rn uy CO O rn UA CO О 0n uY aD e (о «0 90 e СО ЧО 00 eA C0 40 OANDOCHT ODAT OTN T VONT ~ONT 
NF CO CP eu ON XP O0 NI MO eu O 0100 (NI HO OUO O CO P- 0990 O-T O СОГ ADO TOME ANNO XT 00 CN E UNO T с 
(Yu D-Otr-r- ^00 00 U0* O СО (O О нн Маа, у УА О о оГ OCO OR GA CAAO O eC CCCII О 
PE EEE СО СО со СО ао СО СО СО 00 cO cO cO CO cO cO cO cO CO cO O O O COCO O сомом аа а O ` ON 
е е е o е е е е е е е е е е е е е е е е Ф е е е е е Ф е е е Фе е е е е е е е ө ө ө ө ө ө ө ө ө ө ө ө 
пп MÀ MÀ паа зна MÀ е уф рев ув рев уф рев ор ос ув рев оф ун уф 6 mr Án рев рев ed ed рев ов ров реф реј рев ев рој реф —4 —4 —4 —4 —4 
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DESCRIBING FUNCTION DATA 


18.0 


FREQUENCY 


1.75 


ALPHA 





aJ 
Ce 
“зва 
2. 
м 
а 
| 


РНАЗЕ 


Q en QOCN ee Uu 00 CN У Os OS uu e00 0 e 00 eO u^ c f 000 0 (men r- Of СО eM 0-000 00 00 eh CO eO enr ў 
eO 0005 OF OAM AND OF 00 00 00 OUP 4 d OS CUYO (Y 9 P QS CO СА $f Os e0 09d or-00 
Q^ e СИ ДИМ — O° (N (N — Sf CO GO 0 O00 +} СО „ч Су СП СМ СО СО f Ом о ТР е Сеч Ў го ом мо 
ЧС СОЎ СОС ОЗ ШИ СООО О 4 СО ЈИ СО ОС ИСО ОС ОМО Ос ре, аа оГ ос ОО 
е е е е е е е е е е е е е е е е е е е е е е е е е Ф е е е е е е е е е е е е е е е е е 9 Фе Ф Ф Ф Ф Ф 
COGO PSP COGN Орда РО Oy pains enn eA) Se oe oe БОГ 
| | jJ Í| Í Í Í чч mH e е ров ов реј РО зна зза заа знаў знай зна] ўча гетаў заа Рев ч зна заў заў зна знаў om gm rd rd o od 

кк кка, аа jl l jl l jl jl jl лт кг кт, | 


М СОМОЛ Ош Осо Осо ў Сы 4С ое О СЫ РУ СС ОЛ ХО СОМ ИХ OO СО ЯО «f Ча а б ОО Чо O r= .Q UN ++ 
uen Nd DODO # (N 4 СО ОЛ СО Р— МО ОСЛА Ў Ў СО СО СО СО СС СЗ СЦ че à O O О © О ОСО ОО ООО О 
е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е Фе Фе Фе Фе е е е Фе е Ф Ф Ф 
СОМ ОДО ЧАМЦИМА УУ У У УУ УУ УУ УУ УУ УУ УУ УУ УУ 33 3 са со соса са 
АСЧМ RE RR ERR EER RRR ER RR RE RR RE RRR К ММ М М ER RRR ERR RRR 
Men coll m anml o e! med el em m eed ==] md esed amd —— uA ml ed end n ml en ml ed md m md d end en o emm td a dt ed) co má 
Гетеро 011 Ep це d 


САОС У СОУЛ асл ў US X ча г А. У OD ODN tH ODL О О СООРУ ОМ СО СС ÜQ O Cn ONN STON {у М 
САСА СР ЦА МЈ АЈ Ге © ОО ЧО СМЧ SQ ex T MF DS ST ue emo uYgagonun dq Qnm e-ummuiom-f«fexo0]sexa lorc 
соо ода Ре ОР O cN N (N Оос чм Меге ОСУ О O O O° O ON COS OU OJO 00000 000 UNOLOO Uu 
(2 ее ЦП ОД СУ ЦА СО AM OO ON STIAM og OO CJ eun «Oh 0 XQ eCNCO + uy O О С Оо 4 СЧ СО “ТО ЦА [> оо ОО 
е е е е е е е ое е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е е Ф е е Ф Фе е е Ф Ф Ф Ф 
AOD OO 4 rt ANDI CIN COVE EV FV OYSTER ET ET LAT UDA UD U9 0 ЧО ЧО ЧО ЧО) ЧО ЧО) ЧО ЧО ЧО) ЧО) Ге r 


LNW T CO «D CN OO сп СЛ ЦА еа Ге СО СЛ ЦА е Ге СО ОД ЦА ер СО СО TOWN CO TOO ND TODO (N CO t-r С Му ГУ Сб) OY Wit 
У (СО СО Г ЕЎ Оса А Ў ОО ОЮ АГ е Олі о ЗО СО СОМ СУМ — Ч) СУША СТ СО ЧА СО е ОА ОУ 
ИИО ОМГУ соо СО оО Оч ч ИО ОО М с ОССО Оч ч СУС ее рО ОСОМ М = 
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DESCRIBING FUNCTICN DATA 
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DESCRIBING FUNCTION DATA 
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DESCRIBINC FUNCTION DATA 
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DESCRIBING FUNCTION DATA 


FREQUENCY 
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DESCRIBING FUNCTION DATA 
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DESCRIBING FUNCTION DATA 
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DESCRIBING FUACTIGN DATA 
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DESCRIBING FUNCTION DATA 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


18.0 


2e5C 
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-1/N(DB) 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


20.0 


2. 5С 


ALPHA 


-1/N(DB) 


PHASE 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


2420 


2•5С 


ALPHA 


-1/N(DB) 


PHASE 
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DESCRIBING FUNCTICN DATA 


FREQUENCY 


26,0 


= 
Чир 


2 5 ( 


ALPHA 


-1/N(DB) 


PHASE 
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DESCRIBING FUNCTION DATA 


FREQUENCY 


36.0 


== 
= 
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ALPHA 


-1/N(DB) 
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DESCRIBING FUNCTICN DATA 


FREQUENCY 


22.6 


О. 8С 


ALPHA 


-1/N(DB) 


PHASE 
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APPENDIX II 


Computer program for simulation followed by numerical Data. 
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APPENDIX III 


Input Transformer 


Reference 





Inter-phage 
a Transformer 
— завана зы 


Thyristor 
ЗгіЗае 


3-Phase, Full-Wave, Forced Limit-Cycle, Regulator. 
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